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Competing, coverage-dependent pathways for ethane (CH3CH3) decomposition on Ni(111) are proposed on
the basis of quantum mechanics (QM) calculations, performed by using the PBE flavor of density functional
theory (DFT), for all C2Hy species adsorbed to a periodically infinite Ni(111) surface. For CH2CH3, CHCH3,
and CCH3, we find that the surface C is tetrahedral in each case, with the surface C forming bonds to one,
two, or three Ni atoms with bond energies scaling nearly linearly (Ebond ) 32.5, 82.7, and 130.8 kcal/mol,
respectively). In each of the remaining six C2Hy species, both C atoms are able to form bonds to the surface.
Three of these (CH2CH2, CHCH2, and CCH2) adsorb most favorably at a fcc-top site with the methylene C
located at an on-top site and the other C at an adjacent fcc site. The bond energies for these species are
Ebond ) 19.7, 63.2, and 93.6 kcal/mol, respectively. The remaining species (CHCH, CCH, and C2) all prefer
binding at fcc-hcp sites, where the C atoms sit in a pair of adjacent fcc and hcp sites, with binding energies
of Ebond ) 57.7, 120.4, and 162.8 kcal/mol, respectively.
We find that CHCHad is the most stable surface species (∆Heth ) -18.6), and an important intermediate
along the lowest-energy decomposition pathway for ethane on Ni(111). The second most stable species, CCH3,
is a close competitor (∆Heth ) -18.2 kcal/mol), lying along an alternative decomposition pathway that is
preferred for high-surface-coverage conditions. The existence of these competing, low- and high-coverage
decomposition pathways is consistent with the experiments.
The QM results reported here were used as training data in the development of the ReaxFF reactive force
field describing hydrocarbon reactions on nickel surfaces [Mueller, J. E.; van Duin, A: C. T.; Goddard, W. A.
J. Phys. Chem. C 2010, 114, 4939-4949]. This has enabled Reactive dynamics studying the chemisorption
and decomposition of systems far too complex for quantum mechanics. Thus we reported recently, the
chemisorption and decomposition of six different hydrocarbon species on a Ni468 nanoparticle catalysts using
this ReaxFF description [Mueller, J. E.; van Duin, A: C. T.; Goddard, W. A. J. Phys. Chem. C 2010, 114,
5675-5685].
1. Introduction
The catalytic capabilities of nickel surfaces in hydrocarbon
chemistry are of interest for both scientific and technological
reasons. Nickel is the primary catalyst in the steam reforming
process for converting methane and water into synthesis gas3
and also catalyzes the reverse Fischer-Tropsch reaction for
synthesizing hydrocarbons in which it typically selects for
methane production.4 More recently, nickel has also been used
extensively to catalyze the formation and growth of carbon
nanotubes from hydrocarbon feedstock.5
The simplest set of hydrocarbon molecules containing C-C
bonds are the C2Hy species. Thus, these hydrocarbons are of
particular interest in efforts to better understand the chemistry
of C-C bonds on nickel surfaces more generally. The adsorption
and decomposition of ethylene (CH2CH2) and acetylene (CHCH)
on nickel surfaces has been widely studied experimentally6-19
and computationally.20-25 These studies aimed at identifying the
chemisorbed structures of these molecules on nickel surfaces
and the chemical pathways along which they decompose.
Nevertheless, this is the first QM study of the complete set of
plausible C2Hy species adsorbed on Ni(111) to be published.
Here, we report binding energies and heats of formation for
all C2Hy species on Ni(111) obtained from periodic DFT (PBE)
calculations. The theoretical methods and computational details
are discussed in the next section. The presentation of the binding
of each C2Hy adsorbate at its lowest energy site on Ni(111) is
followed by a discussion of the implications of our results for
possible reaction pathways for the decomposition of C2Hy
species on Ni(111). Particular attention is placed on surface-
coverage-dependent, competing decomposition pathways branch-
ing out from CHCH2. Finally, comparison is made with
experimental observations and previous theoretical results.
One motivation for carrying out these calculations was to
provide training data for the development of the ReaxFF reactive
force field to describe hydrocarbon chemistry on nickel catalyst
surfaces and clusters. The development of this ReaxFF descrip-
tion was published recently,1 along with an application of it to
the chemisorption and decomposition of six different hydro-
carbon species on Ni468 nanoparticles.2 The sequence of
intermediates observed in those reactive dynamics simulations
is consistent with both the particular energies and general
energetic trends observed here.
2. Theoretical Methods
2.1. DFT Calculations. All of our periodic DFT calculations
utilize the spin polarized PBE26 flavor of DFT as implemented
in SeqQuest,27 with the pseudopotentials and basis set reported
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previously.28 As noted elsewhere,28 using the optimum spin
polarization is vital for obtaining reliable binding energies.
Because we are considering delocalized electronic states in an
infinite, periodic system, the net spin polarization per unit cell
need not take on only half-integer values. The half-integer values
that the entire infinite system is restricted to can be smeared
out over many unit cells. Furthermore, strict spin-conservation
rules were not taken into account upon binding the adsorbates
to the surface. Instead, the spin polarization was optimized for
each system by finding the ground-state spin polarization to the
nearest half-integral Ms spin polarization. This level of optimi-
zation yields an energy within 1 kcal/mol of the bottom of the
Ms energy well. For purposes of analysis, the optimal value of
Ms was estimated by using a three-point harmonic fit, and a
post analysis code was utilized to analyze the local charge and
spin properties of each system.29
We use a four-layer slab to model the Ni(111) surface in a
p(2 × 7) cell with six Ni atoms in each layer. The Ni atoms
comprising the bottom three layers were fixed at the experi-
mental Ni lattice distance (2.49 Å);30 only the Ni atoms in the
top layer were allowed to relax. Thus, the dimensions for a unit
cell in our 2-D periodic system are 4.98 and 6.59 Å with an
angle of 100.9° between them. The vertical dimension normal
to the periodicity was 21 Å, resulting in a minimum vacuum
region of 6 Å both above and below the slab and adsorbent
molecule. A numerical grid spacing of 0.091 Å and 4 × 4
k-point sampling, which show energy convergence within 1 kcal/
mol, were used. Unconstrained geometry minimization was used
to relax all structures, starting from the most plausible low-
energy structures for each species. Only the lowest-energy
structures are reported here.
2.2. Energy Analysis. 2.2.1. Energies of Formation. Ex-
perimental energies of formation typically use as their reference
energies the ground states of elements at standard temperature
and pressure. Thus, for the systems quoted here, the energy per
atom in fcc nickel, graphite, and H2 gas at standard temperature
and pressure would be taken as zero. For DFT calculations, it
is useful instead to refer to these systems at their optimum
structures, which ignores the zero-point energy (ZPE) and heat
capacity. In our DFT calculations, it is more accurate to use
diamond than graphite as the reference for C because the
bonding in diamond is more similar to the bonding in the
chemisorbed C2Hy species than the bonding in graphite is.
Furthermore, DFT methods are not especially accurate for
graphite because of the importance of dispersion interactions
between the graphene sheets, which are not well described by
DFT. Because the experimental energy of diamond is 0.45 kcal/
mol higher than that of graphite,31 we adjust our diamond
reference energy (EdiaC) for C by subtracting 0.45 kcal/mol and
report results relative to graphite. To be consistent with the
energy for H2, we calculate EH2 with SeqQuest by using the
same periodic cell as that in our slab calculations. Finally,
because every calculation uses exactly the same Ni slab, we
just subtract the total energy of the Ni slab to obtain energies
of formation (∆Eform), rather than referencing the Ni atoms in
the slab to the energy of Ni atoms in bulk fcc nickel. Thus, for
a system with NC C atoms and NH H atoms on the Ni(111) slab,
the energy of formation can be written:
2.2.2. Bond Energies. Both the adiabatic bond energy (Ebond)
and the snap bond energy (Esnap) are useful for analyzing the
energetic contributions of various geometric factors to bonding.
The adiabatic bond energy (Ebond) for a bonded complex A-B
is the energy difference between the optimized A-B species
and the separated and geometrically relaxed A and B fragments.
In contrast, the snap bond energy (Esnap) for A-B is the energy
difference between the optimized A-B system and the sepa-
rated, but not relaxed, A and B fragments. Thus, there is no
geometric relaxation of either the surface or the adsorbate from
their geometries when bonded together in calculating the
reference states for a snap bond energy. For our purposes, in
calculating the snap bond energy, the separated fragments are
calculated by using the ground spin projection states for their
relaxed geometries unless noted otherwise. Thus, the energy of
the separated unrelaxed adsorbate is calculated by using the
optimal spin for its relaxed geometry, whereas the energy of
the unrelaxed slab is calculated by using Ms ) 17/2.
2.2.3. Enthalpies of Formation. To obtain ZPE and finite-
temperature (298.15 K) corrections for reliable comparison with
experiment, we performed DFT calculations on each C2Hy
species bonded to either a nine- or ten-atom Ni cluster (either
six or seven surface Ni atoms and three in the second layer).
The calculations were performed with the Jaguar 7.032 program’s
implementation of the DFT-B3LYP functional, which utilizes
the Becke three-parameter functional (B3)33 combined with the
correlation function developed by Lee, Yang, and Par (LYP).34
Vibrational frequencies typically do not depend strongly on the
method and model used;35 therefore, the use of another model
and DFT method is appropriate. The positions of the Ni atoms
were fixed at their respective positions from our slab calcula-
tions, and the adsorbate was allowed to relax. The normal modes
for the adsorbate were then used to calculate ZPE and 298.15
K finite-temperature corrections to the energy. Similar calcula-
tions of the gas-phase adsorbates were used to compute the ZPE
and 298.15 K adiabatic adsorption energies for each of these
species on the basis of rotational and vibrational modes, as well
as the translational and PV contributions to the enthalpy at finite
temperature. Furthermore, ZPE and 298.15 K corrections were
used to compute enthalpies of formation (∆Hform) relative to
diamond and H2 gas. The ZPE and 298.15 K correction for
diamond was obtained from Biograf36 by using the Dreiding
force field.37 Finally, enthalpies (∆Heth) referenced to CH3CH3
gas and Had on Ni(111) were calculated to elucidate the
energetics for hydrocarbon decomposition on Ni(111). We
assume infinitely dilute surface coverage and no surface
diffusion, so that only vibrational and rotational contributions
to the enthalpies are included for surface species.
3. Results
3.1. Adsorbed Species (Tables 1 and 2). 3.1.1. CH2CH3
(Figure 1). We find that ethyl (CH2CH3) binds most favorably
at a µ1 on-top site, with a binding energy of Ebond ) 32.5 kcal/
mol. Binding at an fcc site is 0.3 kcal/mol less stable. This
preference stands in contrast to the case of CH3,ad, for which
we found that the fcc site was preferred over an on-top site by
5.5 kcal/mol.28 Favorable, three-center, agostic interactions,
involving C, H, and Ni, and worth 7.8 kcal/mol, were a critical
component in stabilizing CH3,ad binding at an fcc site. However,
when a methyl group is substituted for a H atom, the result is
a repulsive steric interaction between the methyl group and the
surface, rather than a favorable agostic interaction. Thus,
CH2CH3 prefers binding at an on-top site where the methyl-
surface steric interaction is minimized.
The angles (108, 112, 104, and 117°) between the four
substituents (H, H, C, and Ni) on the methylene C suggest sp3
∆Eform ) Esystem - Eslab - NC(EdiaC - 0.45) - NH(EH2/2)
(1)
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hybridization. The C-H distances involving this C atom are
typical C-H single-bond distances (RC-H ) 1.10 Å), and the
C-C bond distance (RC-C ) 1.52 Å) is a typical C-C single-
bond distance (1.54 Å is the C-C bond distance that we find
for ethane). This C-C bond distance is 0.06 Å longer than the
gas-phase value of 1.48 Å. As a result of this C-C bond
stretching and the rehybridization of the methylene C from sp2
in the gas phase to sp3 when adsorbed, CH2CH3 is strained by
6.5 kcal/mol when chemisorbed at an on-top site on Ni(111).
The single σ bond formed to the Ni atom at the on-top site
with one of these sp3 orbitals has a bond distance of RC-Ni )
1.99 Å, almost identical to the single-bond distance observed
when CH3 adsorbs at an on-top site (1.97 Å). The covalent
nature of the C-Ni bond is evident in the reduction of spin
density on the Ni atom participating in the bond from 0.71 to
0.32, with about half of this reduction being associated with
the dz2 orbital. The C-Ni bond pulls the participating Ni atom
out of the surface plane by 0.2 Å at a cost of 2.3 kcal/mol on
TABLE 1: Summary of C2Hy Binding Data on Ni (111)a
bound species binding site calc. Ms opt. 2Ms ∆Ms C2Hy Ms ∆Eform Ebond Esnap C2Hy strain slab strain
Ni Slab 17/2 16.67 0.0 0.0 0.0
CH2CH3 top 16/2 16.21 -0.46 -0.01 -24.0 32.5 41.2 6.5 2.3
CHCH3 fcc 16/2 15.50 -1.17 0.04 -16.8 82.7 97.8 14.0 1.1
CH2CH2 fcc-top 17/2 16.66 -0.01 0.00 -22.9 19.7 42.6 21.2 1.7
CCH3 hcp 15/2 15.04 -1.63 -0.02 -18.2 130.8 156.7 24.5 1.4
CHCH2 fcc-top 16/2 16.00 -0.67 0.08 -6.5 63.2 82.1 17.0 1.9
CCH2 fcc-top 16/2 15.89 -0.88 0.03 -2.2 93.6 105.5 9.8 2.2
CHCH fcc-hcp 16/2 15.58 -1.09 0.06 -7.3 57.5 127.0 67.0 1.9
CCH fcc-hcp 16/2 15.77 -0.90 0.11 13.8 120.4 133.8 10.4 2.9
CC fcc-hcp 17/2 16.52 -0.15 0.31 40.4 162.8 168.9 0.4 5.7
a Calc. Ms corresponds to the half-integer spin state with the lowest energy, which is the spin used in the optimum geometry and energy
calculations presented here. Opt. 2Ms is the optimum state spin (in number of unpaired electrons) predicted by a parabolic fit of the energies of
the lowest three half-integer spin calculations. ∆Ms is the change in spin of the slab upon adsorption of the C2Hy fragment. C2Hy Ms” is the
spin density on the adsorbate when adsorbed on Ni(111). ∆Eform is the energy of formation with respect to standard states: H2 gas, graphite
(adjusted to our computational reference of diamond corrected by using the 0.45 kcal/mol experimental value of diamond relative to graphite),
and the bare Ni(111) slab. Ebond is the adiabatic bond energy (difference between the geometry-relaxed energy of the complex and the sum of
the geometry-relaxed energies of the slab and the adsorbent infinitely separated from each other). Esnap is the bond energy for which the
separated adsorbent geometry and the slab geometry remain the same as in the complex. C2Hy strain is the energy released by relaxing the
geometry of the adsorbate after breaking its bond to the surface by moving it infinitely far away. Slab strain is the energy released by relaxing
the slab geometry after moving the adsorbate that was bonding to it infinitely far away. All energies are in kcal/mol.
TABLE 2: Summary of C2Hy Binding Data on Ni (111)a
bound species binding site RC-Ni, bond RC-Ni, bond RC-Ni, bond RC-Ni, bond RC-C EC-C C2Hy charge
CH2CH3 top 1.99, σ 1.52 3.7 0.00
CHCH3 fcc 1.95, σ 1.95, σ 1.52 -0.2 -0.13
CH2CH2 fcc-top 1.99, π ⊥ 2.20, π ⊥ 1.44 15.3 +0.14
CCH3 hcp 1.87, σ 1.87, σ 1.87, σ 1.49 26.3 -0.17
CHCH2 fcc-top 1.92, σ 2.03, π⊥ 2.09, π⊥ 1.42 2.1 +0.04
CCH2 fcc-top 1.87, σ 1.87, σ 2.03, π⊥ 2.09, π⊥ 1.38 23.0 -0.04
CHCH fcc-hcp 1.99, σ 2.00, σ 2.03 (2), π| 2.03 (2), π| 1.40 6.2 -0.10
CCH fcc-hcp 1.84, σ 2.10, σ 1.96 (2), π| 2.08 (2), π| 1.36 10.3 0.00
CC fcc-hcp 1.90, σ 1.90, σ 2.01 (2), π⊥, π| 2.02 (2), π⊥, π| 1.34 8.8 +0.05
a RC-Ni, bond lists the C-Ni bond distances and bond type associated with the distance. σ refers to a C-Ni σ bond, π⊥ refers to a C-C π
bond perpendicular to the bonding to the Ni(111) surface involved in multi-center bonding to the surface, and π| refers to a C-C π bond
parallel to the Ni(111) surface involved in multi-center bonding to the surface. Equivalent distances involved in the same multi-center bond are
denoted with (2) following the bond distance. RC-C is the C-C bond distance in angstroms. EC-C is the energy in kcal/mol gained by forming
CHxCHy-x,ad from CHx,ad and CHy-x,ad on Ni(111). C2Hy charge is the net charge on the adsorbate when adsorbed on Ni(111).
Figure 1. Optimized structure for CH2CH3,ad adsorbed at top site on four-layer Ni(111) slab (only top layer of Ni atoms is shown in 2 × 2
expansion of unit-cell view in z direction). Bond distances and types (σ ) σ bond, π| ) π bond parallel to surface, π⊥ ) π bond perpendicular to
surface, σ3 ) three-center C-H-Ni bond, n.b. ) no bond) for selected pairs of atoms are listed, followed by selected angles.
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the Ni(111) slab. Because we do not expect any other significant
surface-adsorbate interactions, we attribute all of the snap bond
energy (Esnap ) 41.2 kcal/mol) to the C-Ni σ bond, which
suggests that a C-Ni σ bond is worth about 40 kcal/mol for
C-Ni bond distances around 2.0 Å.
3.1.2. CHCH3 (Figure 2). Similar to CH2, ethylidene
(CHCH3) binds most strongly at a µ3 fcc site with a binding
energy of Ebond ) 82.7 kcal/mol, which is 4.0 kcal/mol stronger
than the bond formed at a µ2 bridge site. Binding at the fcc site
requires rehybridization of the methylidyne C from sp2 in the
gas phase (H-C-CH3 angle is 135°) to sp3 when adsorbed at
an fcc site (H-C-CH3 angle is 102°). This allows the
methylidyne C to form a single C-C bond with a bond distance
of RC-C ) 1.52 Å, a C-H bond with a bond distance of
RC-H ) 1.10 Å, and a pair of C-Ni σ bonds with equal bond
distances of RC-Ni ) 1.95 Å. The covalent nature of these C-Ni
bonds is evident in the reduction of the spin (from 0.71 to.0.35)
associated with each of the Ni atoms involved. Again, the
primary role of the Ni dz2 orbitals in the C-Ni σ bonds is
reflected in their large contribution to the overall decrease in
spin density.
In addition to the C-Ni bonds, there is an agostic interaction
between the H on the methylidyne C and the Ni atom below it.
This favorable interaction is evident in both the H-Ni distance
of RH-Ni ) 1.72 Å (the same H-Ni bond distance as for H
binding at an fcc site)28 and elongated C-H bond (RH-Ni )
1.17 Å). On the basis of these distances, we expect this H-Ni
interaction to be significantly stronger than that in the case of
CH3 (H-Ni distances of 2.09 Å and C-H distances of 1.11 Å
resulting in 2.7 kcal/mol per C-H-Ni interaction) and some-
what stronger than that in the case of CH2 (H-Ni distances of
1.85 Å and C-H distances of 1.14 Å). Thus, this interaction is
responsible for binding at an fcc site being more favorable than
binding at a bridge site. These adjustments in the structure of
CHCH3 result in 14.0 kcal/mol in strain along with 1.1 kcal/
mol in strain to the Ni(111) slab upon adsorption of CHCH3,
yielding a snap bond energy of Esnap ) 97.8 kcal/mol. The C-Ni
σ bonds here resemble those in CH2 binding at a bridge site,
which are worth 45 kcal/mol each and have similar C-Ni bond
distances (RC-Ni ) 1.92 Å for CH2 binding and RC-Ni ) 1.95
Å here). Thus, we might consider the snap bond energy (Esnap
) 97.8) in terms of two C-Ni σ bonds, each worth 44 kcal/
mol, plus an H-Ni agostic interaction worth 10 kcal/mol.
3.1.3. CCH3 (Figure 3). The final species, in which only one
of the two C atoms bonds to the surface, is ethylidyne (CCH3),
for which we find a binding energy of 130.8 kcal/mol. The
methyl C exhibits sp3 hybridization (H-C-H angles of 110°
and C-C-H angles of 111°) as expected, with typical C-H
single-bond distances (RC-H ) 1.10 Å). The C-C bond distance
(RC-C ) 1.49) is shorter than a typical C-C single bond but
longer than the distance we find in the gas phase (RC-C ) 1.45
Å), which is midway between typical single and double C-C
bond distances. In the gas phase, two of the H atoms are
equivalent with C-H bond distances of 1.11 Å and C-C-H
angles of 118°, whereas the third H sits 1.12 Å away from C at
a C-C-H angle of 94°, suggesting sp2 hybridization. Adjusting
Figure 2. Optimized structure for CHCH3,ad adsorbed at an fcc site on a four-layer Ni(111) slab (only top layer of Ni atoms is shown in 2 × 2
expansion of unit-cell view in z direction). Bond distances and types (σ ) σ bond, π| ) π bond parallel to surface, π⊥ ) π bond perpendicular to
surface, σ3 ) three-center C-H-Ni bond, n.b. ) no bond) for selected pairs of atoms are listed, followed by selected angles.
Figure 3. Optimized structure for CCH3,ad adsorbed at a hcp site on a four-layer Ni(111) slab (only top layer of Ni atoms is shown in 2 × 2
expansion of unit-cell view in z direction). Bond distances and types (σ ) σ bond, π| ) π bond parallel to surface, π⊥ ) π bond perpendicular to
surface, σ3 ) three-center C-H-Ni bond, n.b. ) no bond) for selected pairs of atoms are listed, followed by selected angles.
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the hybridization to adsorb to the Ni(111) surface costs 5.5 kcal/
mol. Like in the case of CH, the 4Σ- excited state is relevant to
computing the snap bond energy rather than the 2Π ground state,
which lies 24.1 kcal/mol lower in energy. Breaking the spin
pairing costs 19.0 kcal/mol at optimal geometry for chemisorp-
tion, resulting in a net snap bond energy of Esnap ) 156.7 kcal/
mol.
We can consider the bonding to the surface either in terms
of three equivalent σ bonds, each worth 52 kcal/mol, one to
each of the three Ni atoms surrounding the fcc site, or in terms
of a σ bond to the interstitial orbital at the fcc site and two π
bonds to d orbitals on the Ni atoms surrounding the fcc site. In
the first case, we assume sp3 hybridization for the terminal C
atom, whereas in the latter case, we assume sp hybridization.
The same two possibilities were also available in the case of
CHad binding at 3-fold sites on Ni(111); however, migration of
CHad across bridge sites was more consistent with sp3 hybridiza-
tion. Thus, we expect to find sp3 hybridization in the case of
CCH3,ad. The covalent nature of the C-Ni bonding is reflected
in the reduction of spin density on each of the three Ni atoms
surrounding the fcc site by 0.45, with the dz2 orbitals making
the largest contribution.
3.1.4. CH2CH2 (Figure 4). We find that ethylene (CH2CH2)
is most stable when binding at an fcc-top site with a binding
energy of Ebond ) 19.7 kcal/mol. Adsorption at an fcc-top site,
with one C atom at an on-top site directly above a Ni atom and
the other C atom sitting above an adjacent fcc 3-fold site, is
2.2 kcal/mol more stable than binding at an on-top site, in which
the C-C bond is centered over a single Ni surface atom, and
4.2 kcal/mol more stable than binding at a double-top site, where
the C atoms sit directly above adjacent Ni atoms.
For binding at an fcc-top site, we find that the C-Ni distance
between the C atom at the on-top site and the Ni atom directly
below it of RC-Ni ) 1.99 Å is similar to the C-Ni σ bond
distance for CH3 binding at an on-top site (1.97 Å).26 This
suggests that this C uses one of its sp3 orbitals to form a σ
bond with the dz2 orbital on the Ni atom below, as evidenced
by a decrease in the spin density of 0.35 on this Ni atom upon
bonding, primarily associated with its dz2 orbital. The distance
of the other C atom from the Ni atoms surrounding the fcc site
(RNi-C ) 2.27, 2.27, and 2.20 Å) allows for the possibility of a
weak σ bond to the interstitial orbital at the fcc site (compared
with the case of CH3 where we find three equal C-Ni bond
distances of 2.17 Å28). Thus, on one hand, we might consider
the C-Ni bonding in terms of two σ bonds.
On the other hand, the C-C bond distance of RC-C ) 1.44
Å suggests that the C sp3 orbitals involved in these σ bonds
retain additional p character so that they are able to participate
in a partial C-C π bond, which is responsible for the
intermediate C-C bond distance. Therefore, we might alterna-
tively consider the C-Ni bonding in terms of a C-C π bond
perpendicular to the surface forming a three-center bond with
the dz2 orbital of the Ni atom below it.
Two of the H atoms are close enough to Ni atoms (RH-Ni )
2.04 Å) for favorable, three-center agostic interactions resulting
in elongated C-H bonds (RC-H ) 1.11 Å). This situation is
very similar to that observed in the case of CH3 binding at a
3-fold fcc site where we found similar H-Ni (2.09 Å) and C-H
(1.11 Å) distances, which resulted in individual interactions
worth 2.7 kcal/mol each.28 Therefore, for CH2CH2 binding to a
perpendicular-bridge site, we expect agostic interactions to be
responsible for 5 kcal/mol of the snap bond energy. Thus,
without these agostic interactions, binding at an fcc-top site
would be less stable than binding at either an on-top site or a
double-top site, where there are no agostic interactions.
In order to form the best bond to the Ni(111) surface, the
trigonal planar sp2 hybridized orbitals must pucker, so that the
H atoms can point somewhat away from the Ni(111) surface.
This puckering is evident in the smaller C-C-H and H-C-H
angles (all reduced by ∼5°) when CH2CH2 chemisorbs to the
surface and has an energy cost of 21.2 kcal/mol. Alternatively,
we might think of this energy in terms of the orbitals on the C
atoms being rehybridized from sp2 to sp3. In either case, the
result is a snap bond energy of Esnap ) 42.6 kcal/mol.
By assuming sp3 hybridization, we might account for this
energy as follows. In the case of CH3 adsorbed at an on-top
site, the C-Ni bond is worth 45 kcal/mol with a C-Ni bond
distance of 1.97 Å.28 This is the same bond distance that we
find here for the C atom in CH2CH2,ad absorbed at the on-top
site; thus, we expect this σ bond to also be worth 45 kcal/mol.
The C atom above the fcc site has a similar configuration to
CH3 adsorbed at a µ3 site, except for longer C-Ni bond
distances as noted above, resulting in weaker bonding. Thus,
we might expect bonding to be worth ∼35 kcal/mol instead of
∼45 kcal/mol as in the case of CH3,ad. Finally, the three-center,
agostic interactions are worth a total of 5 kcal/mol as noted
above, suggesting that the total bonding is worth 85 kcal/mol,
twice what we find in our calculations. Thus, the presence of
the C-C partial π bond must decrease the strength of the C-Ni
σ bonds by drawing extra electron density into a C-C bond
Figure 4. Optimized structure for CH2CH2,ad adsorbed at an fcc-top site on a four-layer Ni(111) slab (only top layer of Ni atoms is shown in 2 ×
2 expansion of unit-cell view in z direction). Bond distances and types (σ ) σ bond, π| ) π bond parallel to surface, π⊥ ) π bond perpendicular
to surface, σ3 ) three-center C-H-Ni bond, n.b. ) no bond) for selected pairs of atoms are listed, followed by selected angles.
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(remember the C-C bond distance suggested a bond order
greater than one) and interacting repulsively with the surface
when lying parallel to it. To arrive at the expected snap bond
energy, we consider these interactions to have an energetic cost
of 42 kcal/mol.
Alternatively, if we consider the Ni-C bonding in terms of
a three center π bond with C-Ni distances of RC-Ni ) 1.99 Å
and RC-Ni ) 2.20 Å, we find that this bonding must be worth
37 kcal/mol to account for the snap bond energy along with
the H-Ni agostic interactions.
3.1.5. CCH2 (Figure 5). Like CH2CH2, vinylidene (CCH2)
prefers binding to an fcc-top site, where it has a binding energy
of Ebond ) 93.6 kcal/mol. The bare C atom sits in the 3-fold
site so that the H atoms on the other C atom are far away from
the surface. This minimizes any H-Ni repulsions at the expense
of the favorable agostic interactions observed in the case of
CH2CH2 and results in typical C-H bond distances (RC-H )
1.09 Å). The H-C-H and C-C-H bond angles (115° and
121°, respectively) suggest sp2 hybridization for the methylene
C, and the C-C-Ni angles (135°) around the other C support
an sp2 hybridized picture for it as well. Thus, the C atom in the
3-fold site has two sp2 orbitals available to form σ bonds (RC-Ni )
1.87 Å) with the Ni dz2 orbitals that it points toward. The
covalent nature of these bonds is reflected in the 0.38 decrease
in spin density on each of the Ni atoms, which is most strongly
associated with their dz2 orbitals. The C-C bond distance (RC-C )
1.38 Å) is typical for a C-C double bond, suggesting that C pz
electrons form a C-C π bond. The π system is then able to
form a partial bond with the Ni atom most directly below it
with C-Ni bond distances of RC-Ni ) 1.93 Å and RC-Ni ) 2.20
Å. The covalent nature of this interaction is revealed in a
decrease of 0.29 in the spin density of the Ni atom involved.
Slightly puckering the plane in which the bonding in CCH2
takes place (115 + 121 + 121 ) 357°) and stretching the C-C
bond length by 0.09 Å to form the best bond to Ni(111) costs
9.8 kcal/mol and results in a snap bond energy of Esnap ) 105.5
kcal/mol. The C-Ni σ bonds resemble those formed when CH2
is chemisorbed at a µ2 bridge site and have similar C-Ni
distance (1.92 Å for CH2 and 1.87 Å for CCH2). Thus, we expect
these σ bonds to each be worth 45 kcal/mol. The three-center
C-Ni π bond involves shorter C-Ni bond distances (RC-Ni )
1.93 Å and RC-Ni ) 2.20 Å) than in the case of CH2CH2,ad (1.99
and 2.20 Å), suggesting a stronger bond; however, the shorted
C-C bond distance (RC-C ) 1.38 Å compared with 1.44 Å)
indicates that the π electrons are more involved in the C-C π
bond and thus less able to contribute to C-Ni bonding, resulting
in weaker C-Ni bonding than in the case of CH2CH2,ad. Thus,
we can account for the snap bond energy if we consider the π
bond contribution to the Ni-C bonding to be 15 kcal/mol.
3.1.6. CHCH2 (Figure 6). Like CH2CH2 and CCH2, vinyl
(CHCH2) is most stable on Ni(111) binding at an fcc-top site,
with a binding energy of Ebond ) 63.2 kcal/mol. The methylene
C sits above the top site, whereas the methylidyne C sits at an
adjacent fcc site. The C-C bond distance (RC-C ) 1.42 Å) is
Figure 5. Optimized structure for CCH2,ad adsorbed at fcc-top site on a four-layer Ni(111) slab (only top layer of Ni atoms is shown in 2 × 2
expansion of unit-cell view in z direction). Bond distances and types (σ ) σ bond, π| ) π bond parallel to surface, π⊥ ) π bond perpendicular to
surface, σ3 ) three-center C-H-Ni bond, n.b. ) no bond) for selected pairs of atoms are listed, followed by selected angles.
Figure 6. Optimized structure for CHCH2 adsorbed at an fcc-top site on a four-layer Ni(111) slab (only top layer of Ni atoms is shown in 2 × 2
expansion of unit-cell view in z direction). Bond distances and types (σ ) σ bond, π| ) π bond parallel to surface, π⊥ ) π bond perpendicular to
surface, σ3 ) three-center C-H-Ni bond, n.b. ) no bond) for selected pairs of atoms are listed, followed by selected angles.
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partway between typical single- and a double-bond distances,
suggesting a weak C-C π bond perpendicular to the surface.
The H-C-H bond angle of 113° suggests partial rehybridiza-
tion of the C atoms from sp2 to sp3. The methylidyne C forms
a strong σ bond (RC-Ni ) 1.92 Å) to a surface Ni atom with the
sp2 orbital that houses the radical electron in the gas phase. This
σ bond reduces the overall spin density on the Ni atom involved
by 0.27 and is associated with the Ni dz2 and dxz orbitals. The p
orbitals that participate in the gas-phase C-C π bond form a
three-center π bond to the Ni atom beneath the methylene C,
with C-Ni bond distances of RC-Ni ) 2.09 Å and RC-Ni ) 2.03
Å. The covalent nature of this interaction results in a decrease
in spin density of 0.31 on the Ni atom involved, primarily
associated with the dxz and dyz orbitals.
For CHCH2 to form the strongest bond to the surface, the
C-C bond is elongated upon adsorption from 1.31 Å in
the gas phase to RC-C ) 1.42 Å, as is the C-H bond on the
methylidyne C (from 1.10 Å in the gas phase to 1.14 Å when
adsorbed). Finally, C-C-H angle associated with this H is
decreased from 137 to 113°. These latter changes are associated
with a three-center, agostic interaction involving this H, the C
it is bonded to, and the Ni atom below it. On the basis of the
H-Ni distance of RH-Ni ) 1.85 Å, we expect an agostic
interaction similar to that observed in the case of CH2 binding
at an fcc site (same H-Ni distance of 1.85 Å). The strain caused
by these structural modifications results in a snap bond energy
of 82.1 kcal/mol.
As in the other cases, we expect the C-Ni σ bond to be worth
45 kcal/mol. The π bond most closely resembles the π bond in
CH2CH2 but has a shorter C-C bond distance, which should
result in a weaker C-Ni bond. This comparison suggests that
a bond energy of 32 kcal/mol for this π bond would be quite
reasonable. Finally, the H-Ni agostic interaction is expected
to be worth 5 kcal/mol, thus accounting for the remainder of
the snap bond energy.
3.1.7. CHCH (Figure 7). Acetylene (CHCH) binds most
favorably at an fcc-hcp site, where the C atoms sit in adjacent
3-fold (fcc and hcp) sites. We find the binding energy for this
configuration to be Ebond ) 57.5 kcal/mol. The C-C distance
(RC-C ) 1.40 Å) is much longer than the triple-bond distance
in the gas phase (1.21 Å) and even longer than the double-
bond distance in gas-phase ethylene (1.34 Å), suggesting a bond
order less than two. Reducing the C-C bond order requires
rehybridization of the C atoms from sp in the gas phase to
mostly sp2 when bound to the surface. This change is primarily
reflected in the C-C-H angles which are reduced from 180°
in the gas phase to 123° upon bonding to the surface at a cost
of 67.0 kcal/mol, resulting in a snap bond energy of Esnap )
127.0 kcal/mol.
The sp2 hybridization of the C atoms suggests that two types
of bonds are formed with the surface. First, each C atom has a
sp2 orbital pointing toward the slab, which forms a σ bond with
the surface. These σ bonds primarily involve the dz2 orbitals on
the Nifcc and Nihcp atoms. The covalent nature of this bonding
is seen in the 0.23 and 0.24 spin reduction on the Nifcc and
Nihcp atoms, respectively, which is primarily associated with
their dz2 orbitals. Consideration of the Chcp-Cfcc-Nifcc and
Cfcc-Chcp-Nihcp angles (137 and 136°, respectively) and large
spin reduction on the Nifcc and Nihcp atomic orbitals suggests
that the interstitial orbitals in the fcc and hcp sites may also
play a role in the C-Ni σ bonding. The dz2, dxz, and dxy orbitals
on the Nibr atoms also participate in a four-center bond with
the C-C π system. The H-Ni distances (RH-Ni ) 2.45, 2.46
Å) are too long for agostic interactions; therefore, the C-H
bond distances are not elongated (RC-H ) 1.10 Å).
We might account for the snap bond energy of Esnap ) 127.0
kcal/mol in terms of two C-Ni σ bonds worth 45 kcal/mol each
and π bonding involving the C-C π system and the two Nibr
atoms. This multicenter bond is characterized by RC-Ni ) 2.03
Å and RC-C ) 1.40 Å distances and is worth 37 kcal/mol.
3.1.8. CCH (Figure 8). Like CHCH, acetylide (CCH) binds
most favorably to an fcc-hcp site. We find a binding energy of
Ebond ) 120.4 kcal/mol. The C-C distance is elongated from
its typical triple-bond length of 1.22 Å in the gas-phase radical
to a double-bond length of RC-C ) 1.36 Å when CCH adsorbs
on Ni(111), and the C atoms are rehybridized from sp to sp2.
The energetic cost of these modifications is 10.4 kcal/mol,
resulting in a snap bond energy of Esnap ) 133.8 kcal/mol.
The C-C-H bond angle (132°) has not been reduced all
the way to 120° as we would expect for pure sp2 hybridization,
suggesting that the central C atom still has some sp character.
Thus, we expect a strong C-C π bond parallel to the surface,
with some additional bonding to the two nearby Ni atoms (as
we saw in the case of CHCH) and a much weaker (i.e., not
much electron density) C-C π bond perpendicular to the
surface, which also participates in C-Ni bonding to the in-
terstitial orbitals in the 3-fold sites. The combination of the two
partial π bonds provide a full additional bond to the C-C bond
order, explaining the typical C-C double-bond distance that
we find (RC-C ) 1.36 Å).
Figure 7. Optimized structure for CHCHad adsorbed at an fcc-hcp site on a four-layer Ni(111) slab (only top layer of Ni atoms is shown in 2 ×
2 expansion of unit-cell view in z direction). Bond distances and types (σ ) σ bond, π| ) π bond parallel to surface, π⊥ ) π bond perpendicular
to surface, σ3 ) three-center C-H-Ni bond, n.b. ) no bond) for selected pairs of atoms are listed, followed by selected angles.
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The π bond perpendicular to the surface is weak because most
of the electron density which would typically be associated with
it is tied up in sp2 rather than p orbitals. On the central C atom,
one of these binds to H, and the other forms a bond with the dz2
orbital of a Ni atom on the surface (RC-Ni ) 2.10 Å). On the
bare C, one of these forms a strong bond to Ni (RC-Ni ) 1.84
Å), whereas the other points away from the surface. We would
expect the lone electron in this orbital to result in net spin density
on C; however, we do not observe this in our calculations.
Analogous to the case of CHCHad, the snap bond energy can
be considered in terms of two C-Ni σ bonds involving sp2
orbitals, each worth 45 kcal/mol, and additional bonding
involving the two Ni atoms forming a bridge site perpendicular
to the C-C bond and the electrons in the C-C π bond, worth
44 kcal/mol.
3.1.9. C2 (Figure 9). Like in the cases of CHCH and CCH,
the preferred binding site for dicarbide (C2) on Ni(111) is a
µ-bridge site with the C atoms sitting in adjacent 3-fold sites.
The C-C bond distance increases slightly from 1.31 Å in the
gas phase to RC-C ) 1.34 Å when chemisorbed, and corresponds
to a double bond (the C-C bond distance in ethylene is 1.33
Å). Stretching the C-C bond to chemisorb to the surface costs
only 0.4 kcal/mol; therefore, the difference between snap bond
energy (Esnap ) 168.9 kcal/mol) and the binding energy (Ebond )
162.8 kcal/mol) is primarily due to the relatively large strain
on the Ni slab worth 5.7 kcal/mol. The C-C bond distance
suggests a C-C σ bond involving either sp or sp2 orbitals and
π bonding parallel to the surface. If the bonding resembles the
case of CHCH, we would expect sp2 hybridization perpendicular
to the surface with an sp2 orbital from each C involved in the
C-C σ bond, the pair pointing toward the surface forming a
pair of σ bonds to the Ni surface, and the final pair pointing
away from the surface each housing an unpaired electron
resulting in a net spin on each C atom. On the other hand, if
we have sp hybridization, the pz orbitals perpendicular to the
surface can form σ bonds to the surface, whereas the sp orbitals
pointing away from the C-C bond to partially bond to d orbitals
on the Nifcc and Nihcp surface atoms. The result should be no
net spin on the C atoms, if the spin pairing in all C-Ni bonds
is complete; however, we might expect the imperfect overlap
of the sp orbitals with the surface to result in a small spin
polarization on each C. This agrees with the observed spin on
the C atoms of 0.14 for Cfcc and 0.16 for Chcp. Thus, we can
rationalize the snap bond energy in terms of two σ bonds
involving the C sp orbitals opposite the C-C σ bond, each worth
45 kcal/mol, and two bonds involving the two C-C π bonds
and two nearby Ni atoms, each worth 42 kcal/mol. The bonding
of a second C-C π bond to the surface in C2,ad explains why it
binds so much more strongly than CCHad, which has a bonding
very similar to that of CHCHad. The sp hybridization in C2,ad
allows the formation of two C-C π bond systems, which both
bond to the surface, whereas the sp2 hybridization of CCHad
and CHCHad only has a single C-C π system and a pair of sp2
orbitals pointing away from the surface.
In the gas phase, the triplet is 15.1 kcal/mol lower in energy
than the singlet state. Interestingly, the optimal spin of the slab
is hardly changed (16.67 to 16.52) upon binding C2. This is in
Figure 8. Optimized structure for CCHad adsorbed at an fcc-hcp site on a four-layer Ni(111) slab (only top layer of Ni atoms is shown in 2 × 2
expansion of unit-cell view in z direction). Bond distances and types (σ ) σ bond, π| ) π bond parallel to surface, π⊥ ) π bond perpendicular to
surface, σ3 ) three-center C-H-Ni bond, n.b. ) no bond) for selected pairs of atoms are listed, followed by selected angles.
Figure 9. Optimized structure for CC adsorbed at an fcc-hcp site on a four-layer Ni(111) slab (only top layer of Ni atoms is shown in 2 × 2
expansion of unit-cell view in z direction). Bond distances and types (σ ) σ bond, π| ) π bond parallel to surface, π⊥ ) π bond perpendicular to
surface, σ3 ) three-center C-H-Ni bond, n.b. ) no bond) for selected pairs of atoms are listed, followed by selected angles.
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contrast to much more significant decreases in the spin of the
system for binding CCH (15.77) and CHCH (15.58).
3.2. ZPEs and 298.15 K Finite-Temperature Corrections.
To facilitate comparison of our binding energies with experi-
mental results, we have calculated the vibrational frequencies
for the same species on either a Ni9 cluster (six atoms in top
layer and three in second layer), a Ni10 cluster (seven atoms in
top layer and three in second layer), or one of two Ni12 clusters
(eight atoms in top layer and four in second layer). The C-H
bond distances in the adsorbates on the clusters are within 0.05
Å of the values that we find on the slab, and the C-C bond
distances are all within 0.09 Å. The C-Ni σ bond distances
are all within 0.16 Å (except for CCHad, where one of the C-Ni
σ bonds is stretched by 0.50 Å), and C-Ni π bond distances
are within 0.30 Å (except for a C-Ni π bond distance which is
0.63 Å longer in CHCH2,ad and one that is 0.47 Å longer in
CH2CH2,ad). From the vibrational frequencies, we calculated the
ZPE correction and the additional finite-temperature correction
at 298.15 K associated with each adsorbate and reference
species. These corrections have been utilized to obtain binding
energies at 0 K (Ebond 0K) and 298.15 K (Ebond 298.15K) for
direct comparison with results from future experimental studies.
The finite-temperature correction associated with the transla-
tional motion and PV contributions to the enthalpy were also
included for gas-phase species; however, surface species were
assumed to be fixed at their respective surface sites and be at
infinitely dilute surface coverage. These results are summarized
in Table 3. Enthalpies at 0 and 298.15 K have also been
calculated relative to both diamond and H2 gas and also CH3CH3
gas and Had for easy analysis of the energetics along various
decomposition and reforming pathways. These results are
summarized in Table 4.
4. Discussion
4.1. Ethane Decomposition on Ni(111). Because ethane
(CH3CH3) is a saturated hydrocarbon, chemisorbing unto the
Ni(111) surface requires breaking at least one bond, which leads
to two fragments, each having an electron with which to form
a bond to the surface. Thus, it is possible that CH3CH3 might
initially chemisorb as either CH3,ad + CH3,ad or CH2CH3,ad +
Had. Although breaking the C-C bond to chemisorb as CH3,ad +
CH3,ad is only a few kcal/mol higher in energy (0.7 kcal/mol at
0 K and 1.4 kcal/mol at 298.15 K) than breaking a C-H bond
to form CH2CH3,ad + Had, we expect that breaking the C-C
bond has a much higher barrier than breaking one of the C-H
bonds; therefore, the formation of CH3,ad directly from CH3CH3
is kinetically hindered. Thus, we expect CH3CH3 to chemisorb
as CH2CH3,ad + Had.
Once CH2CH3,ad has chemisorbed to the surface, it can lose
a H from either the methyl or methylene C or else break in half
to form CH2,ad + CH3,ad. Breaking the C-C bond (∆Hreaction )
-2.0 kcal/mol at 0 K and ∆Hreaction ) -1.2 kcal/mol at 298.15
K) is the least favorable reaction. The loss of a methylene H to
form CHCH3,ad is much more energetically favorable (∆Hreaction )
-11.8 kcal/mol at 0 K, and ∆Hreaction ) -11.5 kcal/mol at
298.15 K). This species would most likely be further converted
to CCH3,ad, which is exothermic relative to CHCH3,ad (∆Hreaction )
-17.0 kcal/mol at 0 K and ∆Hreaction )-17.3 kcal/mol at 298.15
K). The other favorable direct product from CH2CH3,ad is
CH2CH2,ad, which is also an exothermic reaction (∆Hreaction )
-11.4 kcal/mol at 0 K and ∆Hreaction )-12.0 kcal/mol at 298.15
K). Thus, considering only the enthalpies of stable intermediates
suggests that chemisorbed CH3CH3 will lead primarily to
CH2CH2,ad and CHCH3,ad. The latter will likely further break
down and form CCH3,ad.
Breaking the C-C bond in CH2CH2,ad on Ni(111) is endo-
thermic (∆Hreaction ) 6.7 kcal/mol at 0 K and ∆Hreaction ) 8.3
kcal/mol at 298.15 K). On the other hand, breaking a C-H bond
is an exothermic reaction (∆Hreaction ) -2.4 kcal/mol at 0 K
and ∆Hreaction ) -2.1 kcal/mol at 298.15 K). If the resulting
CHCH2,ad is able to transfer a H between the C atoms to form
CCH3,ad, the combined loss of H and rearrangement is strongly
exothermic relative to CH2CH2,ad (∆Hreaction ) -17.5 kcal/mol
at 0 K and ∆Hreaction ) -16.7 kcal/mol at 298.15 K); however,
there is no single process leading directly to this low-energy
product. The C-C bond in any CCH3,ad that forms is unlikely
to break because the formation of Cad + CH3,ad is very
endothermic (∆Hreaction ) 24.2 kcal/mol at 0 K and ∆Hreaction )
23.7 kcal/mol at 298.15 K). Instead, the loss of a H from CCH3,ad
leads to a product (CCH2,ad) which is only slightly endothermic
(∆Hreaction ) 3.6 kcal/mol at 0 K and ∆Hreaction ) 2.7 kcal/mol
at 298.15 K). The loss of an additional H to form CCHad is
then slightly exothermic (∆Hreaction ) -1.2 kcal/mol at 0 K and
∆Hreaction ) -1.0 at 298.15 K), suggesting that CCH2,ad will
undergo an additional dehydrogenation step to form CCHad at
a shorter time scale than that which is required for its formation.
As the most stable C2H3 species, we might expect CCH3,ad
to be the primary C2H3 species formed in the decomposition of
CH3CH3 on Ni(111). However, because it does not form directly
from the most stable C2H4 species (CH2CH2,ad), its formation
must compete with the formation of other species formed
directly from its most prevalent precursor, CHCH2,ad. Thus, the
TABLE 3: ZPE and Finite-Temperature Corrected Binding Energies of C2Hy Species to Most Stable Sites on Ni(111)a
site Ebond De gas ZPE Ad ZPE Hbond 0 K gas 298.15K Ad 298.15 K Hbond298.15 K
CH2CH3 top 32.5 37.3 41.6 28.2 3.1 2.1 29.1
CHCH3 fcc 82.7 29.7 32.0 80.4 2.8 2.4 80.9
CH2CH2 fcc-top 19.7 32.1 36.4 15.3 2.5 1.4 16.5
CCH3 fcc 130.8 22.2 25.7 127.2 2.6 2.1 127.7
CHCH2 fcc-top 63.2 23.0 26.9 59.3 2.5 1.6 60.2
CCH2 fcc-top 93.6 14.9 20.5 88.0 2.7 1.1 89.5
CHCH fcc-hcp 57.5 17.0 19.7 54.8 2.4 1.1 56.1
CCH fcc-hcp 120.4 8.0 12.8 115.6 2.1 1.2 116.5
CC fcc-hcp 162.8 2.4 5.8 159.4 2.1 0.8 160.7
a Ebond De is the binding energy obtained directly from our periodic PBE calculations. Gas ZPE is the ZPE of the adsorbate in the gas phase.
Ad ZPE is the ZPE of the adsorbate adsorbed on Ni(111). Hbond 0 K is the effective binding enthalpy at 0 K, obtained by correcting Ebond De
for ZPE energies. Gas 298.15 K is the finite temperature correction for the adsorbate in the gas phase at 298.15 K. Ad 298.15 K is the finite
temperature correction for the adsorbate adsorbed at an fcc site on Ni(111) at 298.15 K. Hbond 298.15 K is the effective binding enthalpy at
298.15 K obtained by correcting Ebond De for the ZPE and the finite-temperature correction at 298.15 K. Both ZPE and finite-temperature
corrections were obtained from B3LYP calculations on Ni9, Ni10, or Ni12 clusters. All energy values are in kcal/mol.
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formation of CHCHad, which is lower in enthalpy than that of
CCH3,ad by 2.4 kcal/mol at 0 K and 3.3 kcal/mol at 298.15 K,
is expected to compete with the formation of CCH3,ad from
CHCH2,ad. At low surface coverage, we expect the formation
of CHCHad to dominate because of its lower enthalpy; however,
at high coverage, not only does CCH3,ad take up less surface
space than CHCHad, but it also includes an extra H which would
otherwise occupy another additional surface site. Thus, we
expect high surface coverage to favor the decomposition
pathway that proceeds via CHCH2,ad f CCH3,ad f CCH2,ad f
CCHad.
Although CHCHad is the lowest enthalpic point in the
decomposition process, entropy is capable of driving further
decomposition. In contrast to previous species, breaking the
C-C bond of CHCHad is more favorable than breaking either
C-H bond. Thus, forming CHad + CHad from CHCHad is less
endothermic (∆Hreaction ) 2.1 kcal/mol at 0 K and ∆Hreaction )
2.8 kcal/mol at 298.15 K) than forming CCHad (∆Hreaction )
4.8 kcal/mol at 0 K and ∆Hreaction ) 5.0 kcal/mol at 298.15 K).
Similarly, for any CCHad formed, additional decomposition is
endothermic, and breaking the C-C bond (6.9 kcal/mol at 0 K
and 6.7 kcal/mol at 298.15 K) is slightly favored over breaking
the C-H bond (10.2 kcal/mol at 0 K and 10.0 kcal/mol at 298.15
K). Finally, any C2,ad that is formed can only immediately
decompose by breaking into individual C atoms, a process which
is moderately endothermic (∆Hreaction ) 6.3 kcal/mol at 0 K and
∆Hreaction ) 5.6 kcal/mol at 298.15 K) if the C atoms remain as
adatoms on the Ni(111) surface.
Thus, on the basis of the enthalpies of possible intermediates,
we expect CH3CH3 decomposition to proceed on Ni(111)
primarily as follows. Under low coverage conditions, we
anticipate:
However, under high coverage conditions, when conservation
of surface sites plays an important role, we anticipate:
At intermediate coverages, both pathways will be competitive,
with the surface coverage dictating the degree of dominance
one pathway is able to exert over the other. These competing
pathways are shown in Figure 10.
4.2. Comparison with Experiment. 4.2.1. Summary of
Experiments. Ethylene (CH2CH2) adsorption and decomposition
has been studied on Ni(111),6 Ni(110),11 and Ni(100).14,16 In
order to form two σ bonds to the surface, CH2CH2 rehybridizes
from sp2 in the gas phase to sp3 when adsorbed to Ni(111),21
and photoelectron diffraction experiments conclude that it binds
at adjacent on-top sites.6 However, measurements by EELS
reveal the presence of a second tilted structure at high coverage,
in which two of the H atoms interact with the surface.17 Between
200 and 230 K, CH2CH2,ad dehydrogenates to form acetylene
(CHCHad) on Ni(111).17 On the other hand, in the presence of
steps, partial dehydrogenation produces CHCH2,ad, which de-
TABLE 4: ZPE and Finite-Temperature Corrected Enthalpies for C2Hy on Ni(111)a
diamond and H2 references ethane and Had references
∆Hform De ∆Hform 0 K ∆Hform 298.15 K ∆Heth De ∆Heth 0 K ∆Heth 298.15 K
CH4,gas -32.4 -21.9 -23.7 2.5 3.3 4.4
CH3CH3,gas -42.9 -25.2 -29.1 0.0 0.0 0.0
CH3,ad + CH3,ad -37.7 -22.8 -26.2 5.2 2.4 2.9
CH2CH3,ad -26.6 -10.9 -14.1 2.9 1.0 1.5
CH2,ad + CH3,ad -22.9 -12.9 -15.3 6.6 -0.3 0.3
CHCH3,ad -19.4 -10.1 -12.0 -3.4 -9.1 -10.0
CH,ad + CH3,ad -19.6 -12.5 -14.5 -3.6 -12.5 -12.4
CH2CH2,gas -3.7 5.7 3.9 12.3 5.7 5.9
CH2CH2,ad -23.4 -9.6 -12.6 -7.4 -9.6 -10.6
CH2,ad + CH2,ad -8.1 -2.9 -4.3 7.9 -2.9 -2.3
CCH3,ad -20.8 -14.5 -15.8 -18.2 -27.1 -27.2
Cad + CH3,ad 5.5 9.7 7.9 8.1 -2.9 -3.5
CHCH2,ad -6.9 0.5 -1.2 -4.4 -12.1 -12.6
CHad + CH2,ad -4.8 -2.6 -3.5 -2.2 -15.2 -15.0
CCH2,ad -2.6 1.7 0.5 -13.5 -23.5 -24.5
Cad + CH2,ad 20.3 19.6 18.9 9.4 -5.6 -6.1
CHCHgas 49.8 50.5 50.6 38.9 23.3 25.6
CHCHad -7.7 -4.3 -5.5 -18.6 -29.5 -30.5
CHad + CHad -1.5 -2.2 -2.7 -12.4 -27.4 -27.7
CCHad 13.4 13.1 13.0 -11.0 -24.7 -25.5
Cad + CHad 23.6 20.0 19.7 -0.7 -17.8 -18.9
CCgas 202.7 195.3 197.2 164.9 144.9 145.1
CCad 39.9 35.9 36.5 2.1 -14.5 -15.6
Cad + Cad 48.8 42.2 42.1 11.0 -8.2 -10.0
a ∆Hform De is the enthalpy of formation relative to diamond, H2 gas, and the Ni(111) slab obtained directly from periodic DFT(PBE)
calculations. ∆Hform 0 K is the enthalpy of formation relative to diamond, H2 gas, and the Ni(111) slab at 0 K, including ZPE corrections
obtained from B3LYP calculations. “∆Hform 298.15 K is the enthalpy of formation relative to diamond C, H2 gas, and the Ni(111) slab at
298.15 K, including ZPE and finite-temperature corrections obtained from B3LYP calculations. ∆Heth De is the enthalpy of formation relative to
CH3CH3 gas, Had on Ni(111), and the Ni(111) slab obtained directly from periodic DFT(PBE) calculations. ∆Heth 0 K is the enthalpy of
formation relative to CH3CH3 gas, Had on Ni(111), and the Ni(111) slab at 0 K, including ZPE corrections obtained from B3LYP calculations.
∆Heth 298.15 K is the enthalpy of formation relative to CH3CH3 gas, Had on Ni(111), and the Ni(111) slab at 298.15 K, including ZPE and
finite-temperature corrections obtained from B3LYP calculations. All enthalpies are in kcal/mol.
CH3CH3,gas f CH2CH3,ad f CH2CH2,ad f CHCH2,ad f
CHCHad f CHad f Cad
CH3CH3,gas f CH2CH3,ad f CH2CH2,ad f CHCH2,ad f
CCH3,ad f CCH2,ad f CCHad f CHad + Cad f Cad
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composes into methylidyne (CHad) and Had below 390 K.17 This
is similar to the process observed on the (100) surface in which
CH2CH2, after being adsorbed at 150 K, partially dehydrogenates
between 170 and 200 K to form CHCH2,ad, which is then stable
up to 230 K.18
The decomposition of a high surface coverage of CH2CH2,ad
(0.40 ML) is reported to produce CCH3,ad as an intermediate.15,19
In these high coverage experiments, part of the CH2CH2,ad is
strongly di-σ bonded below 165 K, whereas the other part is
weakly hydrogen bonded. Between 165 and 200 K, the weakly
bonded CH2CH2,ad desorbs. Above 200 K, the remaining
strongly bound CH2CH2,ad decomposes to form CHCHad and
CCH3,ad. Above 240 K, CHCHad begins to break down into
CCHad and CHad. Around 300 K, H2 gas desorbs, and CCH3,ad
begins to decompose into CCHad. The further breakdown of
CCHad and CHad to form atomic Cad begins at 340 K, at which
point CHCH has completely reacted away. By 400 K, the
CCH3,ad has completely decomposed, leaving CCHad and CHad,
which decompose into surface and bulk C and H2 gas before
the temperature reaches 600 K.
Acetylene has also been studied on both Ni(100)14 and
Ni(111).15 On the (111) surface, it chemisorbs by forming both
σ and π bonds. Experiment and theory both show that it binds
at an fcc-hcp site on Ni(111).6,21 At least two decomposition
pathways have been observed depending on the surface cover-
age. At low surface coverage, acetylene decomposes primarily
into CHad fragments starting around 400 K, although CCHad
and methylene (CH2,ad) have also been reported. These species
then dissociate into atomic Cad and Had at around 500 K. The
presence of steps facilitates dehydrogenation so that CHCH is
immediately converted to C2,ad at temperatures as low as 150
K. By 180 K, the C2,ad molecules have all broken up into Cad
atoms.17
4.2.2. Detailed Comparison to Experiment (Table 5). A
photoelectron-diffraction study identifies the fcc-hcp site as the
preferred site for CHCHad on Ni(111) and reports a C-C bond
distance of 1.44 ( 0.15 Å and a C-Nisurface distance of 1.36 (
0.15 Å for the C at the fcc site and 1.37 ( 0.15 Å for the C at
the hcp site.6 We find the same binding-site preference with
distances of C-C (1.40 Å) and C-Nisurface (1.41 Å and 1.41
Å), in good agreement with experiment.
For CH2CH2,ad, photoelectron diffraction experiments observe
binding at a double-top site.6 We find that a perpendicular bridge
site is 4.2 kcal/mol lower in energy than the double-top structure.
For the double-top structure, the uncertainty in the experimental
C-C bond distance (1.60 ( 0.18 Å) includes the C-C distance
(1.45 Å) that we find for the di-σ structure; however, the
experimental C-Ni distances normal to the surface (1.90 ( 0.02
Å) are shorter than the distance that we compute (2.07 Å). The
longer C-Ni distances in our calculations suggest that the
binding energy we calculate for binding at a double-top site is
too weak. This may explain why we find binding at an fcc-top
site to be preferred.
Although no direct experimental measurements of the relative
energies of these adsorbed C2Hy species have been reported,
we can compare our energetics with the experimentally observed
decomposition pathways.15 The experimental observation that,
under low coverage conditions, CH2CH2,ad decomposes to form
CHCHad, without producing a large concentration of the
intermediate CHCH2,ad, is consistent with our results, because
CH2CH2,ad f CHCH2,ad is 3.0 kcal/mol endothermic, whereas
the next step (CHCH2,ad f CHCHad) is 14.3 kcal/mol exother-
mic. The observation of an alternative pathway involving
CCH3,ad at high coverage is consistent with our finding that
CCH3,ad is only 0.3 kcal/mol energetically less stable than CHCH
in the decomposition process.
Considering only the energies of stable species suggests that,
when both CCH3,ad and CHCHad are formed, CCH3,ad will begin
to decompose first because CCH2,ad is only endothermic by 4.7
kcal/mol whereas CCHad and CHad are endothermic from
CHCHad by 7.5 and 6.2 kcal/mol, respectively. Nevertheless,
we can explain the experimental observation that CCH3,ad does
not decompose significantly until 300 K, whereas CHCHad
decomposes starting at 240 K, by considering the structure of
CCH3,ad. Because the H atoms, and as a result the C-H bonds,
are far away from the surface (∼3.1 Å for the shortest H-Ni
distance), we expect a large energy barrier to break the C-H
bonds in CCH3,ad. In contrast, the shortest H-Ni distances in
Figure 10. Expected decomposition pathways for ethane on Ni(111) based on energies of intermediates reported here. Energies of formation (De)
relative to ethane reported in kcal/mol.
TABLE 5: Bond Distances in CHCHad and CH2CH2,ada
adsorbate distance
Bao et al.6
photoelectron
diffraction
present QM
DFT(PBE)
CHCH C-C 1.44 ( 0.15 Å 1.40 Å
CHCH Cfcc-Nisurface 1.36 ( 0.04 Å 1.41 Å
CHCH Chcp-Nisurface 1.37 ( 0.04 Å 1.41 Å
CH2CH2 C-C 1.60 ( 0.18 Å 1.45 Å
CH2CH2 C-Nisurface 1.90 ( 0.02 Å 2.07 Å
a Comparison of bond distances with experimental values. The
experimental binding site for CHCHad (fcc-hcp) is the same as the
lowest-energy binding site from DFT calculations. Experiment
observes top-top site for CH2CH2; therefore, our values are for
binding at a top-top site, not the fcc-top site for which we observe
the strongest binding energy (4.2 kcal/mol stronger than top-top
site).
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CHCHad are ∼2.45 Å, enabling a nearby Ni atom to better
stabilize a H atom as its C-H bond is broken. The breakdown
of CCH3,ad to CCHad without readily observing CCH2,ad can be
partially explained by the relative energies of the two steps (4.7
kcal/mol for CCH3,ad f CCH2,ad and 2.4 kcal/mol for CCH2,ad
f CCHad) and more fully explained by taking into account the
effect of the H-Ni distance on the reaction barriers (RH-Ni ≈
2.8 Å in CCH2,ad and RH-Ni ≈ 3.1 Å in CCH3,ad). The absence
of C2,ad in the decomposition process on terraces is consistent
with the 2.8 kcal/mol advantage of breaking the C-C bond in
CCHad rather than the C-H bond. Finally, the need for
temperatures well above 300 K to produce atomic C is consistent
with the high energy that we find for it (29.6 kcal/mol higher
in energy than CHCHad).
4.3. Comparison with Previous Theory (Tables 6 and 7).
QM calculations have previously been reported for isolated parts
of these reaction schemes. A number of theoretical papers have
examined the chemisorption of CH2CH2 or CHCH on nickel
surfaces.20-22 Another paper examined the formation of a C-C
bond between a surface C and either CH3, CH2, or CH to form
CCH3, CCH2, or CCH on Ni.23 Finally, empirical bond-order
conservation methods have been used to estimate energies for
all relevant species.24,25 However, no comprehensive, first-
principles study of all C2Hy species has yet been published.
Our results are compared with other theoretical results in
Tables 6 and 7. There is much quantitative disagreement among
these studies. As we found in our previous study of CHx species
on Ni(111),28 there is reasonable agreement between our
numbers and those obtained from DFT calculations on similar
slab models (in this case, ref 22). However, cluster calcula-
tions20,21,23 and more approximate methods (e.g., the bond-order
conservation approach)24 give widely varying results.
An early Hartree-Fock study considered the binding of
CH2CH2 and CHCH to small Ni clusters.20 On a Ni2 cluster,
binding energies of Ebond ) 136 kcal/mol and Ebond ) 108 kcal/
mol were found for CH2CH2 and CHCH, respectively, and the
analogous binding energies to a Ni13 cluster were Ebond ) 216
kcal/mol and Ebond ) 156 kcal/mol (we find Ebond ) 19.7 and
Ebond ) 57.5 kcal/mol for CH2CH2 and CHCH, respectively).
The dissociation of CH2CH2 into two CH2 fragments was found
to be strongly exothermic (∆Hreaction ) -35 kcal/mol, whereas
we find ∆Hreaction ) -15.3 kcal/mol), and the dissociation of
CHCH into two CH fragments is less exothermic (∆Hreaction )
-16 kcal/mol, whereas we find ∆Hreaction ) -6.2 kcal/mol).
These numbers differ significantly from ours. Nevertheless, there
is qualitative agreement that cleaving the C-C bond is
unfavorable for both CH2CH2 and CHCH on Ni(111), with
CH2CH2 being the more unfavorable case.
Shustorovich has performed an extensive study by using the
empirical bond-order conservation Morse-potential (BOC-MP)
approach.24,25 Although this study considers most interesting
species, the results are quantitatively quite different from QM
results and often qualitatively different. For example, the BOC-
MP predicts that the C-C bond in CCH3,ad breaks exothermi-
cally with a bond energy of Ebond ) -21 kcal/mol. On the other
hand, we find an energetically favorable C-C bond, with a bond
energy of Ebond ) 26.3 kcal/mol, making this C-C bond the
strongest C-C bond that we observe for C2Hy species adsorbed
on Ni(111) rather than the weakest as Shustorovich predicts.
Burghgraef et al. also predict a strong C-C bond from DFT,
which is worth Ebond ) 16 kcal/mol or Ebond ) 51 kcal/mol
depending on which model they use.23 The experimental
observation that CCH3,ad decomposes by way of CCHad rather
TABLE 6: Comparison of Theoretical Results for Binding of C2Hy Species to Ni(111)a
present Medlin22 Fahmi21 Shustorovich24 Anderson20
QM DFT(PBE) QM DFT(PW91) QM DFT (LDA) empirical BOC-MP QM MO study
4 L Slab 6 L Slab 3 L Slab Ni14 Ni4 Ni13 Ni2
CH2CH3 32.5 49
CHCH3 82.7 85
CH2CH2 19.7 13 -4 15 13 -4
CCH3 130.8 115
CHCH2 63.2 55 s3
CCH2 93.6 87
CHCHb 57.5 68.8 68.2 50 37 18 50 37
CCH 120.4 84
CC 162.8
a Comparison of binding energies for various methods and models for C2Hy species binding at different sites on Ni(111). All energy values
are in kcal/mol. b Experimental energy is 67 kcal/mol.36
TABLE 7: Comparison of Theoretical Results for C-C Cleavage Reactions in C2Hy Species on Ni(111)a
present Burghgraef23 Shustorovich24 Anderson20
QM DFT (PBE) QM DFT (LDA) empirical BOC-MP QM MO study
4 L slab Ni13 Ni7 Ni2
CH2CH3,adf CH2,ad + CH3,ad 3.7 18
CHCH3,adf CHad + CH3,ad -0.2 13
CH2CH2,adf CH2,ad + CH2,ad 15.3 21 35
CCH3,adf Cad + CH3,ad 26.3 16 51 -21
CHCH2,adf CHad + CH2,ad 2.1 13
CCH2,adf Cad + CH2,ad 23.0 3 36 -2
CHCHadf CHad + CHad 6.2 16 16
CCHadf Cad + CHad 10.3 -15 -15 -25
C2,adf Cad + Cad 8.8
a Comparison of reaction energies for C-C bond cleavages in C2Hy decomposition on Ni(111). All energy values are in kcal/mol.
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than atomic C and CHx species is evidence for a strong C-C
bond in CCH3,ad.19
The DFT study by Burghgraef et al. considered the formation
of C-C bonds on Ni7 and Ni13 clusters.15 The formation of CCH
from coadsorbed C and CH was found to be endothermic
(∆Ereaction ) +15 kcal/mol) on both Ni7 and Ni13 clusters (we
find ∆Ereaction ) +10.3 kcal/mol). The formation of CCH2 from
coadsorbed C and CH2 was found to be strongly exothermic
(∆Ereaction ) -36 kcal/mol) on the Ni7 cluster but only slightly
exothermic (∆Ereaction ) -3 kcal/mol) on the Ni13 cluster (we
find ∆Ereaction )-22.9 kcal/mol). Finally, the formation of CCH3
from coadsorbed C and CH3 was found to be very exothermic
(∆Ereaction ) -51 kcal/mol) on the Ni7 cluster but only
moderately so (∆Ereaction ) -16 kcal/mol) on the Ni13 cluster
(we find ∆Ereaction ) -26.3 kcal/mol). The energies of the
separately adsorbed C and CHx species were all found to be
much higher (72-124 kcal/mol) than the same coadsorbed
species. Significant differences in the charge distribution in the
separately adsorbed system compared to the coadsorbed system
suggest that this is an artifact of their calculations. Thus, the
more reliable reaction energies from their paper are those relative
to the coadsorbed, rather than infinitely separated, reactants. In
the case of CCH formation, where their models agree within 1
kcal/mol, our reaction energy is within 5 kcal/mol of their result.
In the other cases, our reaction energy lies between the reaction
energies obtained on their two different cluster models.
Another DFT study considered CH2CH2 and CHCH on Ni4
and Ni14 clusters by using the LDA functional modified by an
exchange correction from the Becke functional and a correlation
correction from the Perdew functional.21 It considered fcc-hcp
and top-top sites for both adsorbates and found that CH2CH2
prefers the double-top site, with binding energies of Ebond )
-4 kcal/mol and Ebond ) 13 kcal/mol to the Ni4 and Ni14 clusters,
respectively (we find Ebond ) 19.7 kcal/mol to an fcc-top site
and Ebond ) 15.5 kcal/mol to a double-top site), whereas CHCH
prefers the fcc-hcp, with energies of Ebond ) 37 kcal/mol and
Ebond ) 50 kcal/mol to the Ni4 and Ni14 clusters, respectively
(we find Ebond ) 57.5 kcal/mol at the same site).
Finally, a DFT (PW91) study on both three- and six-layer
periodic Ni(111) slabs found binding energies for CHCH of
Ebond ) 68.2 kcal/mol and Ebond ) 68.8 kcal/mol, respectively,
at fcc-hcp sites, which were found to be most stable.22 These
numbers agree very well with the reported experimental value
of Ebond ) 67 kcal/mol.38 We find the same binding site to be
most stable, but we obtain a weaker binding energy in our
calculations (Ebond ) 57.5 kcal/mol).
5. Conclusions
Our enthalpies of formation for C2Hy species adsorbed on
Ni(111) suggest that ethane decomposition is dominated by two
competing, surface-coverage-dependent pathways. Thus, by
adjusting the surface coverage, the degree to which each of these
decomposition pathways is utilized can be controlled. The
intermediates involved in these pathways are in good agreement
with those observed experimentally. In particular, the similar
enthalpies (difference of only 0.4 kcal/mol) that we find for
CHCHad and CCH3,ad, the two most stable C2Hy species on
Ni(111), are consistent with the experimental observation of
CHCH as the longest-lived C2Hy intermediate during decom-
position at low surface coverage and CCH3,ad as an important
intermediate at a higher surface coverage.
On Ni(111), making a C-C bond to form a C2Hy,ad species
from CHx,ad and CHy-x,ad is exothermic, except in the case of
CHCH3,ad where it is endothermic by 0.2 kcal/mol. Thus, the
strength of the C-C bonds on Ni(111) ranges from -0.2 kcal/
mol for CHCH3,ad to 26.3 kcal/mol for CCH3,ad. The small, but
favorable, energy typically associated with a C-C bond on
Ni(111) helps explain its ability to catalyze the formation,
cleavage, and reformation of C-C bonds under various reaction
conditions, because controlling the entropy (which generally
favors breaking C-C bonds) can be used to adjust whether the
overall system favors making or breaking the C-C bonds of
interest.
Acknowledgment. This research was supported partly by
Intel Components Research and by Intel Corporate Research.
This work was supported in part by the WCU program (31-
2008-000-10055-0) through the National Research Foundation
of Korea.
Supporting Information Available: Final geometries, ener-
gies, atomic spin densities, atomic charges, and atomic band-
centers are reported for all slab calculations and reference
species. Structures, frequencies, and thermodynamic quantities
are reported for all cluster calculations. This material is available
free of charge via the Internet at http://pubs.acs.org.
References and Notes
(1) Mueller, J. E.; van Duin, A. C. T.; Goddard, W. A. Development
and Validation of ReaxFF Reactive Force Field for Hydrocarbon Chemistry
Catalyzed by Nickel. J. Phys. Chem. C 2010, 114 (11), 4939–4949.
(2) Mueller, J. E.; van Duin, A. C. T.; Goddard, W. A. Application of
ReaxFF Reactive Dynamics to Reactive Dynamics of Hydrocarbon Chemi-
sorption and Decomposition. J. Phys. Chem. C 2010, 114 (12), 5675–5685.
(3) Rostrup-Nielsen, J. R. Catalytic Steam Reforming; In Catalysis,
Science and Technology; Anderson, J. R. Boudar, M., Eds.; Springer: Berlin,
1984; 1-117.
(4) Egeberg, R. C.; Ullman, S.; Alstrup, I.; Mullins, C. B.; Chorken-
dorff, I. Dissociation of CH4 on Ni(111) and Ru(0001). Surf. Sci. 2002,
497 (1-3), 183–193.
(5) Paillet, M.; Jourdain, V.; Phoncharal, P.; Sauvajol, J.-L.; Zahab,
A. Versatile Synthesis of Individual Single-Walled Carbon Nanotubes from
Nickel Nanoparticles for the Study of their Physical Properties. J. Phys.
Chem. B 2004, 108 (44), 17112–17118.
(6) Bao, S.; Hofmann, Ph.; Schindler, K.-M.; Fritzsche, V.; Bradshaw,
A. M.; Woodruff, D. P.; Casado, D.; Asensio, M. C. The Local Geometry
of Reactant and Product in a Surface Reaction: the Dehydrogenation of
Adsorbed Ethylene on Ni(111). Surf. Sci. 1995, 323 (1-2), 19–29.
(7) Demuth, J. E. Conversion of Ethylene to Acetylene on Ni(111).
Surf. Sci. 1978, 76 (2), L603–L608.
(8) Demuth, J. E. Molecular Geometries of Acetylene and Ethylene
Chemisorbed on Cu, Ni, Pd, and Pt Surfaces. IBM J. Res. DeVelop. 1978,
22 (3), 265–276.
(9) Demuth, J. E. Structure of Chemisorbed Acetylene and Ethylene
on Ni, Pd and Pt Surfaces. Surf. Sci. 1979, 84 (2), 315–328.
(10) Demuth, J. E.; Eastman, D. E. Determination of the State of
Hybridization of Unsaturated Hydrocarbons Chemisorbed on Nickel. Phys.
ReV. B 1976, 13 (4), 1523–1527.
(11) Demuth, J. E.; Eastman, D. E. Photoemission Observations of π-d
Bonding and Surface-Reactions of Adsorbed Hydrocarbons on Ni(111).
Phys. ReV. Lett. 1974, 32 (20), 1123–1127.
(12) Lehwald, S.; Erley, W.; Ibach, H.; Wagner, H. Dehydrogenation
of Acetylene on a Stepped Nickel Surface. Chem. Phys. Lett. 1979, 62 (2),
360–363.
(13) Sham, T. K.; Carr, R. G. Carbon Near Edge X-Ray Absorption
Fine-Structure (NEXAFS) Studies of Ethylene Adsorption on Ni(111) and
Ni(110) Surfaces: Implication for Surface Morphology Insensitive Reactions.
J. Chem. Phys. 1986, 84 (7), 4091–4095.
(14) Zhu, X.-Y.; Castro, M. E.; Akhter, S.; White, M. E.; Houston, J. E.
Static Secondary Ion Mass Spectroscopy Study of Ethylene and Acetylene
on Ni: Coverage Dependence. J. Vac. Sci. Technol. A 1989, 7 (3), 1991–
1995.
(15) Zhu, X.-Y.; White, J. M. Interaction of Ethylene and Acetylene
with Ni(111): A SSIMS Study. Surf. Sci. 1989, 214 (1-2), 240–256.
(16) Casalone, G.; Cattania, M. G.; Simonetta, M.; Tescari, M. Chemi-
sorption of Unsaturated-Hydrocarbons on Ni(100) Studied by Low-Energy
Electron-Diffraction and Auger-Spectroscopy. Surf. Sci. 1977, 62 (1), 321–
325.
(17) Lehwald, S.; Ibach, H. Decomposition of Hydrocarbons on Flat
and Stepped Ni(111) Surfaces. Surf. Sci. 1979, 89 (1-3), 425–445.
20040 J. Phys. Chem. C, Vol. 114, No. 47, 2010 Mueller et al.
(18) Zaera, F.; Hall, R. B. Low-Temperature Decomposition of Ethylene
over Ni(100): Evidence for Vinyl Formation. Surf. Sci. 1987, 180 (1), 1–
18.
(19) Zhu, X.-Y.; White, J. M. Evidence for Ethylidyne Formation on
Ni(111). Catal. Lett. 1988, 1, 247–254.
(20) Anderson, A. B. Structural and Orbital Analysis of Ethylene and
Acetylene on Ni(111) Surfaces. J. Chem. Phys. 1976, 65 (5), 1729–1734.
(21) Fahmi, A.; van Santen, R. A. Density Functional Study of Acetylene
and Ethylene Adsorption on Ni(111). Surf. Sci. 1997, 371 (1), 53–62.
(22) Medlin, J. W.; Allendorf, M. D. Theoretical Study of the Adsorption
of Acetylene on the (111) Surfaces of Pd, Pt, Ni, and Rh. J. Phys. Chem.
B 2003, 107 (1), 217–223.
(23) Burghgraef, H.; Jansen, A. P. J.; van Santen, R. A. Electronic-
Structure Calculations and Dynamics of CC Coupling on Nickel and Cobalt.
J. Chem. Phys. 1995, 103 (15), 6562–6570.
(24) Shustorovich, E. The Bond-Order Conservation Approach to
Chemisorption and Heterogeneous Catalysis: Applications and Implications.
AdV. Catal. 1990, 37, 101.
(25) Shustorovich, E. Bond-Order Conservation Approach to Chemi-
sorption of Polyatomic-Molecules: Effective Partitioning of 2-Center Bond-
Energies. Surf. Sci. 1988, 205 (1-2), 336–352.
(26) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. ReV. Lett. 1996, 77 (18), 3865–3868.
(27) Schultz, P. A. SeqQuest; Sandia National Labs: Albuquerque, NM,
http://dft.sandia.gov/Quest/.
(28) Mueller, J. E.; van Duin, A. C. T.; Goddard, W. A. Structures,
Energetics, and Reaction Barriers for CHx Bound to Ni(111) Surfaces. J.
Phys. Chem. C 2009, 113 (47), 20290–20306.
(29) Edwards, A. Post analysis code for SeqQuest; http://dft.sandia.gov/
Quest/SeqQ_Dev_Guides.html.
(30) Our calculated value for the energy minimized Ni-Ni distance in
the bulk fcc structure is 4.50 Å; nevertheless, the computed energy difference
per Ni atom between the experimental and calculated lattice constants is
less than 0.1 kcal/mol; threfore, using the experimental value is appropriate.
(31) Lide, D. R. ed. CRC Handbook of Chemistry and Physics, 81st
ed.; CRC Press: Boca Raton, FL, 2000.
(32) Jaguar 7.0.; Schrodinger Inc, 2007.
(33) Becke, A. D. Density-Functional Thermochemistry. III. The Role
of Exact Exchange. J. Chem. Phys. 1993, 98 (7), 5648–5652.
(34) Lee, C. T.; Yang, W. T.; Parr, R. G. Development of the Colle-
Salvetti Correlation-Energy Formula into a Functional of the Electron
Density. Phys. ReV. B 1988, 37 (2), 785–789.
(35) Wong, M. W. Vibrational Frequency Prediction Using Density
Functional Theory. Chem. Phys. Lett. 1996, 256 (4-5), 391–399.
(36) BIOGRAF 330.; Molecular Simulations Inc, 1993.
(37) Mayo, S. L.; Olafson, B. D.; Goddard, W. A. Dreiding: A Generic
Force-Field for Molecular Simulations. J. Phys. Chem. 1990, 94 (26), 8897–
8909.
(38) Bond, G. C. Catalysis by Metals; Academic Press: New York,
1962.
JP105513G
Decomposition Pathways for C2Hy Species on Nickel (111) J. Phys. Chem. C, Vol. 114, No. 47, 2010 20041
